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SUMMARY 
Two wings of aspect ratio 1.732, one straight and one swept, were 
tested in the nine foot wind tunnel of the Daniel Guggenheim School of 
Aeronautics to determine the effect of ground proximity on the aerody-
namic characteristics of such wings. Each wing was tested at three 
heights above the ground plane, and with no ground plane. 
It was found that the effect of the ground was greater on the swept 
wing than on the straight wing, for the same height to semi-span ratio, 
2H 
TT • In general, for a given lift coefficient the angle of attack is re-
duced, the drag coefficient is reduced, and the pitching moment coeffic-
ient is made more negative by the presence of the ground. 
An analytic method that was applied underestimated the changes in 
the aerodynamic characteristics for the swept wing, but provided accept-




The addition of a solid boundary to a fluid flow field may 
drastically alter the action of the fluid upon a body immersed in it. 
Since an airplane operates in such a bounded region during landing and 
take off, the prediction of these changes in aerodynamic characteristics 
due to the ground is very important. 
It has long been realized that a drag decrease and a stability 
increase may be expected due to the effect of the ground. Indeed, some 
of the early aircraft could not have flown had it not been for the aid 
of the ground effect. Considerable work, both theoretical and experi-
mental, has been done on the problem of predicting ground effects. For 
unswept wings of normal aspect ratios the ground effects can be estimated 
with fair accuracy. 
With the trend in modern day aircraft toward low aspect ratio, 
thin, swept wings, estimating the ground effect becomes difficult. In 
particular, the effects of sweep are not treated theoretically. 
It is the purpose of this thesis to compare the effect of the 
ground on two low aspect ratio wings, one swept and one straight, and to 
attempt to calculate the changes due to the ground using available theory, 
2 
CHAPTER II 
THEORETICAL ANALYSIS OF THE PROBLEM 
Wieselsberger in 1921 made an approximate analytical study of a 
wing flying close to the ground. Representing the ground by an image 
wing contained within the ground, he was able to calculate the change in 
induced drag and induced angle of attack on a wing with an elliptic load 
distribution using Prandtl»s biplane interference theory. 
2 3 
Reid and Wetmore performed full scale tests to determine the 
effect of the ground. Their data agreed with WieselsbergerT s theoretical 
approach. Pistolesi summed up the available theory, and developed an 
approximation for the case of the infinite wing. 
Tomotika > , in 1933 and 193k, provided one of the first rigorous 
approaches to the problem. By the use of conformal transformations he 
was able to calculate the lift on a flat plate in a semi-infinite two 
dimensional stream. 
7 
Tomotika later extended his approach to the case where the 
Q 
trailing edge approached the ground, and in conjunction with Imai 
treated the case of an airfoil touching the ground with its trailing 
edge. 
o 
Tani and others , utilizing a slightly different approach, ex-
tended the work to cover the case of a finite monoplane wing. The 
changes in angle of attack, drag, and pitching moment were developed. 
In this report and a later one , they compare this theory with wind 
tunnel data for both finite and infinite wings, showing good qualitative 
3 
agreement. 
The treatment by Tani is chosen for comparison with the experi-
mental data, since it is the only one adapted to t he three dimensional 
case* Some discrepancy is to be expected between this theory and the 
measured results, since this solution is somewhat in error for high 
o 
angles of attack close to the ground . The development of the theory is 
outlined below. 
By representing an infinite wing with a thin airfoil by a vortex 
sheet, the ground can be replaced by another vortex sheet of equal but 
opposite sign, placed as far below the ground as the original wing is 
above the ground. This is the system of "real" and "image" wings. The 
vorticity distribution on the real wing is: 
X = CTOAJJ^-+ atf~hJ*-+a^V^ (i) 
where a , a.,, and a« are constants necessary to satisfy the boundary con-
ditions of no flow normal to the airfoil at the airfoil. 
The change in circulation about the real wing due to the image 
wing is equivalent to a change in the effective angle of attack. This 
change can be shown to be, approximately 
/* =r Q f Q* 4- a' -ll (2) 
/5 Uo [^v^ao^ 4V^-ao U 
where the constants must satisfy the boundary conditions for the real 
and image wing system. 
The image wing with its equal and opposite circulation will 
change the velocity at the real wing. Concentrating the image sheet 
h 
vortex into a point vortex, the average change in velocity at the real 
wing can be shown to be 
— = - r A <3) 
V ^jL 
where 
Hence, the effective velocity is (1- 7T(L)V. 
Due to the blocking action of the finite thickness of the wing, 
the angle of zero lift will increase. Representing the real and image 
wings by appropriatly placed doublets, it can be shown that the change 
in effective angle of attack is: 
AQc = -Ke (5) 
where e is the wing thickness expressed in chord lengths, and 
K~ 0,00300ijl /Hi^jU + (j±+_3t
 ( 6 ) 
Using a lift curve slope of 2nn, where n is an arbitrary reduction 
factor to account for the finite wing, and is taken to be 7/8, the lift 
coefficient is: 
n =.£rm (&* +78^Ke W - £*3z ) (7) 
Substituting a * C_/2nn, a being taken from the vortex distri-
bution, the lift coefficient becomes, neglecting the product of small 
quantities 
$ 
£„ rr a n Y\ (aQ 4-/8 - K e - 5 ^ J (8) 
This corresponds to a change in effective angle of attack neces-
sary to maintain a given lift coefficient of 
&CK=z - / a f K e v ^ (9) 
e-rm 
For computation purposes, the change in angle of attack is given 
by 
^a - -B tKe +-T<£ (10) 
The constants B, K, and T are tabulated in Ref• 9. 
The change in pitching moment is considered in two parts; that 
due to the image wing, and that due to the blocking effect of the wing 
thickness• First, considering only the real and image vortex sheets, it 
can be shown that the moment about the leading edge in the presence of 
the ground is: 
^ur&A+'tXG. ( n ) 
where c is positive for nose down moments, and 
m 
r } ~ _L Q ^ Q ^ ^ (12) 
s OLo +- Qi /a. 
Considering the wing as replaced by an appropriate doublet, it 
6 
can be shown that the change in pitching moment due to thickness is: 
i^C^u^'=~EG (13) 
where e is the wing thickness, and: 
Combining the two, the effect of the ground on the pitching 
moment is given by 
The change in induced drag is given by: 
ACD. ̂ - t £ C * (16) 
and the change in effective angle of attack due to the trailing vortices 
is: 
A < \ - - jS£3?-Cu (17) 
where is Prandtl's biplane interference factor. 
The proceeding development was primarily two dimensional. Since 
the three dimensional case is extremely difficult, if not impossible, 
to handle analytically, a reduction factor, r, is used. This factor r 
is defined by 
(18) 
7 
where the angles are defined as shown in Fig. 1 below 
b. real wing 
image wing 
Fig. 1 
Definition of Equation 18 
Evaluating this integral there is obtained: 
>r- \ / i+ ( % H ^ ^ 
(iso 
This reduction factor is applied to all quantities effected by 
the three dimensional character of the flow. These are the change in 
circulation, B; the change in longitudinal velocity, T; and the change 
in moment due to the ianage wing, D. Hence, summing all the changes, the 
final equations are 
Aa = - r e t K e ^ c L + r C " r
 (20) 
A C D - - ^ q f - (21) 
A C M U _ * r D C L - Ee (22) 
8 
CHAPTER III 
MODELS AND EQUIPMENT 
Models-The two models used in this research project were built in the 
model shop of the Daniel Guggenheim School of Aeronautics, A tolerance 
of - 0.02 inches was held* Both models were constructed of laminated 
mahogany with a polished lacquer finish. The tips of the delta wing 
were formed from aluminum* 
Each wing was constructed to the NACA 0009 airfoil parallel to 
the plane of symmetry, and had an aspect ratio of 1*732. The basic span 
of each wing was U*00 feet, with an area of 9*2U square feet for the delta, 
and an area of °*3>U square feet for the straight wing, including the wing 
tips. Each wing was designed so that the trunnion axis coincided with 
the quarter chord point of the MAC* The mounting holes were covered over 
during the testing so that minimum flow interference wis obtained* The 
dimensions of the models are shown in Figs. 2 and 3 in the Appendix. 
Tunnel-The nine foot wind tunnel of the Daniel Guggenheim School of 
Aeronautics was used to obtain all the test data* The test section is 
circular, of a constant nine foot diameter, with a length of twelve feet* 
The model was supported on a conventional three support system. 
The forces on the model were measured by a six component electro-
mechanical beam balance* This balance is capable of less than 0.10 per 
cent error when each component is loaded separately . The beam sensi-
tivities are given in Ref. 11 as 
lift * 0*10 lb. 
9 
drag - 0*05 lb. 
pitching moment • 0.20 ft, lb. 
Ground Planes-Three ground plane locations were used. These were termed 
high, mid, and low ground planes, referring to the height above the 
tunnel floor* Since both models have the same wing span, each model was 
2H 
tested at TT ratios of 0.513, 1.025, and 1*5>U0. 
The ground planes were constructed of 3 A inch plywood. Bach 
ground plane extended 1*U5 chord lengths ahead of the mounting point, and 
1*80 chord lengths behind* Streamlined supports were provided in the 
center of the tunnel while the edges were bolted to 2 x 2 aluminum 
angles fixed to the test section walls. These angles remained in place 
during all runs, but their effect was considered to be negligible* Fig* 
U shows the positions of the ground planes, while Figs. 5 and 6 show 




Prior to this test program the wind tunnel balance had been 
aligned and checked. The variation of dynamic pressure (wq") across the 
Jet, and the variation of center line q with piezometer setting were 
available• This was for the unobstructed test section, 
Due to the blocking effects, it was necessary to calibrate the 
piezometer ring, and to make q surveys for the three ground plane positions. 
For this purpose an eight foot pitot rake, employing nine pitot tubes on 
one foot centers, was used. Integration of the product of local chord 
times local q, all divided by the wing area, determined the mean q for 
each ground plane position. From this the ratio of mean q to center 
line q was obtained, assuming a linear variation of q with piezometer 
setting. 
Wake and solid blocking corrections were obtained from Ref. 12. 
Knowing the blocking corrections, the variation of center line q with 
piezometer setting, and the ratio of mean q to center line q, the mean q 
over the wing may be set at any desired value. A nominal airspeed of 120 
MPH, corresponding to a blocked q of 36*86 lb./ft. , was used for all tests. 
For each configuration, lift, drag, and pitching moments were 
measured through an angle of attack range from -6 to +25 on the delta 
wing, and to stall on the straight wing. The limit of 25 on the delta 
is due to interference between the model and the supports. Very little 
data was obtained beyond the stall for the straight wing because of the 
11 
extreme buffeting encountered. 
For the free tunnel configuration, the wind tunnel data were cor-
rected for alignment, tare and interference, and jet boundary effects, 
Alignment, tare, and interference corrections were obtained by normal 
wind tunnel procedures as outlined in Ref. 13* The jet boundary correc-
tions were obtained from Ref. lU for the straight wing, and Ref. 15> for 
the delta wing, 
The ground plane wind tunnel data were corrected only for tare and 
interference. An attempt to use Ref. 16 to calculate the jet boundary 
corrections for the ground plane configurations was unsuccessful, since 
this report applies only to rectangular tunnels. The error introduced 




The results of the wind tunnel tests are presented in Figs. 7 
through 12. 
Delta Wing-The lift curve for the delta wing, Fig. 7, is linear only for 
small angles of attack. The non-linear range is due to the formation of 
17 
a leading edge vortex caused by flow separation • The extent of the 
linear range is proportional to the height above the ground plane, with 
the longest linear range occurring for the condition of no ground plane. 
The normal effect of the ground is to cause an increase in lift 
curve slope, as is the case here. However, the further increase in slope 
due to earlier formation of the leading edge vortex adds to the ground 
effect, giving rise to changes not predicted by theory. M, sizeable re-
duction in angle of attack necessary to produce a given C_ near the 
ground can be seen. For the high ground plane, at a C_ of 0.8 the angle 
of attack is only 83 per cent of the free flight value. 
The drag polars for the delta wing are shown in Fig. 8. It can be 
seen that the drag decreases as the wing nears the ground, due to the re-
straining action of the ground planes. The reduction in drag for the 
high and mid ground planes is large. In the case of the high ground 
plane and a C_ of 0#8, the drag is only 72 per cent of the corresponding 
free flight drag. 
For the low ground plane, only in the middle range of CT 's is the 
Li 
effect beneficial. For CT 's greater than 0»8 no distinction between the 
low and no ground plane curves is apparent* The high and mid ground 
planes restrain both the downwash and the upwash around the wing. This 
restraining action then helps prevent tip stalling, and reduces the form 
drag. For the low ground plane, the restraining action of the ground 
planes is not great enough to prevent the stalling of the tips. Hence, 
any beneficial effects of the ground are masked by the increase in form 
drag. 
The slope of the delta wing pitching moment curves, Fig. 9, is 
negative throughout the test range, indicating that this wing is stable 
about the quarter chord point of the MIC. As the delta wing approaches 
the ground the slope becomes more negative, representing an increase in 
stability. These moment curves are linear up to the point at which the 
• 
-
leading edge vortex forms. As was the case for the lift curves, the 
linear range length is proportional to the height above the ground. 
Straight Wing-Fig, 10 presents the lift curves for the straight wing* 
These curves have the usual Mhooked" shape of low aspect ratio straight 
18 
wings • The maximum lift coefficient attained was approximately 0,88 
with no ground plane. However, due to the large turbulence factor of 
this tunnel, 1,37 from Ref. 19, no conclusions about the variation of 
C. with ground height could be drawn, 
max 
For all configurations the stall was sudden and complete. This 
is a combination of low aspect ratio and Reynolds number effect. As 
shown in TR U31 , the low aspect ratio wing stalls suddenly. From 
Ref, 21 it can be seen that at the test Reynolds number this airfoil has 
a sudden stall which is not present at higher Reynolds numbers, 
As before, the ground planes increase the slope of the lift 
lU 
curves. However, the low and mid ground planes have only a slight in-
fluence. The high ground plane reduces considerably the angle of attack 
necessary to produce a given CL • For a C. of 0.8 in the presence of the 
high ground plane, the angle of attack is only 86 per cent of the free 
flight value. This reduction is not, however, as great as is the re-
duction for the delta wing. From above for the same conditions the angle 
of attack for the delta is only 83 per cent of the free flight value. 
The straight wing drag polars are presented in Fig. 11. As in the 
case of the lift curves, only the high ground plane has an appreciable 
effect. For the high ground plane configuration and a CL of 0.8, where 
the delta wing had only 72 per cent of the free flight drag, the straight 
wing has 82 per cent. 
The moment data for the straight wing presented in Fig. 12 shows 
this wing to be unstable about the quarter chord point at low C, *s and 
stable at high C^'s. The aerodynamic center of the NACA 0009 airfoil is 
21 
0.2£0c . Therefore, the pitching moments shown arise from the action 
of the trailing vortices on the wing. Due to the low aspect ratio this 
effect is considerable. The influence of the ground shifts the curves 
in the negative direction, the amount of shift increasing with G_ • 
Hence, like the delta wing, the straight wing becomes more stable in the 
presence of the ground. 
Tuft Studies-Tuft studies of both models were made at the conclusion of 
the test program. At that time the delta wing had been modified for 
another test program by drilling mounting holes near the leading edges. 
These were not present during the force tests. As can be seen in the 
tuft photographs, Figs. 13 through 17, the trunnion mounting holes, and 
the newly cut holes were faired over. Unfortunately, the small window 
size in the tunnel ceiling made it impossible to include all of either 
model in the photographs. The spanwise tuft spacings were h inches on 
the straight wing, and 2 inches on the delta wing# 
For the delta wing the tuft studies were made with no ground plane 
installed* The first indication of a leading edge vortex is seen in Fig. 
lf>, which corresponds to a C, of 0#5>£. Tulith increasing CL the vortex is 
more clearly seen, indicating an increase in strength. 
Stalling of the tips is also first seen in Fig. 13>. The stalled 
region enlarges with increasing C,, causing spanwise flow over a large 
portion of the wing. 
The lower surface shows no discontinuous flow, except for the few 
tufts "captured" by the flow up and around the leading edge. Increasing 
spanwise flow can be seen with increasing CL • 
Tuft studies for the straight wing are shown in Figs. 18 through 
21, with the high ground plane installed. Direct negative to negative 
comparison of similar photographs taken with the mid ground plane instal-
led failed to show any noticeable change in flow pattern. Thus, these 
flow patterns represent the general case. These photographs show that 
increasing spanwise flow occurs with increasing C,, due to the tip ef-
fects. With such a small aspect ratio a large percentage of the wing 
area is effected by this cross flow# Some separation occurs at 16 , but 
at the stall the entire flow separates, except for the extreme tips. 4s 
was pointed out above, this is a low aspect ratio and low Reynolds number 
effect, 
o 
The theory developed by Tani and others^ applies only to wings 
16 
with no sweep and normal aspect ratios* However, since no other ex-
tensive treatment of the three dimensional case is available, an attempt 
to calculate the incremental effects of the ground was made by using 
this theory. The theory applies directly to the straight wing, except 
for the effects of the very low aspect ratio. For a swept wing, such as 
the delta wing used here, an effective ground height must be defined. As 
the swept wing increases in angle of attack the tips and trailing edge 
approach the ground at a faster rate than for a straight wing. Hence, 
the height of the quarter chord point of the MAC is not indicative of the 
restraining action of the ground. In order to apply the theory a more 
representative height was defined by considering the inclination of the 
quarter chord line, the chord distribution, and the lift distribution. 
Fig. 22 shows the theoretical lift distribution for the delta wing, 
22 
as obtained from TR 921 . To aid in computation, and provide a finite 
lift coefficient at the tip, the approximating curve shown was used. 
Some error is introduced by using this free flight lift distribution, 
since the ground proximity will alter it. 
The effective § ratio was defined as 
a 
(*U,-i/C*)K£k, (23) 
Thus a ( £ ) will be defined for each angle of attack and 
H mean 
each ground plane. 
Figs. 23 through 2$ present the incremental ground effect data, 
both measured and calculated, for the straight and delta wings. Fig. 26 
presents experimental data from TN 2U8723 for a wing having a U0° swept 
back quarter chord line, a taper ratio of 0.625, and an aspect ratio 
of U»0. The calculated effects for this wing are also included. 
Regarding the angle of attack, the theory is conservative for all 
three wings. For the delta, and the swept wing at a ground height of 
0.513 b/2, and a C^ of 0.8, the calculated angles of attack are 8.6 and 
U«0 per cent respectively too large. For the k0° swept wing at a height 
of 0.U68 b/2 and a C, of 0.8, the calculated value is 2.3 per cent too 
large. 
For the drag, the straight wing calculations prove to be uncon-
servative. Considering the same conditions as above the calculated drags 
of the straight, the delta, and the k0° swept wings are 98.5, llU.O, and 
112.U per cent of the measured values respectively. 
The pitching moment calculations do not agree with the incremental 
measurements. For the previous conditions, the straight, the delta, and 
the k0° swept wings have calculated moments that are 315.0, 102.1, and 
105»0 per cent of the measured quantities respectively. 
On the basis of this analysis, the lift and drag on a straight 
wing of low aspect ratio in the presence of the ground can be predicted 
with a fair degree of accuracy. However, the pitching moment cannot be 
predicted within acceptable limits because of the influence of the trail-
ing vortices on the wing. 
The reverse is true for the two swept wings considered. In 
general the effective ground is much closer to a swept wing than a 
straight wing. This is a result of having the tips behind the point of 
rotation. Hence, a greater decrease in drag and angle of attack is 
realized. 
The one major point of disagreement is in the change in the 
angle of zero lift, and the pitching moment at zero lift due to wing 
thickness. For the two wings considered here the theory predicts much 
larger changes than were measured* Ref• 23 points out that no appreci-
able change in angle of zero lift was measured* 
To find the changes due to wing thickness the wings, real and 
image, were represented as two dimensional doublets* As the flow about 
low aspect ratio wings is more similar to the flow about a three dimen-
sional doublet than a two dimensional one, this analysis leads to er-
roneous answers* 
In conclusion, the theory provides acceptable preliminary data 




(1) In the presence of the ground both a straight and a swept 
wing experience an increase in lift curve slope, a decrease in drag, 
and an increase in stability, due to the effect of the ground. 
(2) The effect of the ground is greater on the swept wing than 
on the straight wing, due to sweep which brings the tips closer to the 
ground. The trailing edge is also much closer to the ground on a swept 
wing, due to the chord distribution. All this makes the effective 
ground appear closer to the wing. 
(3) The ground effect on a straight wing can be predicted fairly 
well by the theory used herein. The effect of the ground proximity on 




It is recommended that this experimental study be extended to 
cover other wings with various angles of sweep, and taper ratios* Test-
ing should be done with more than three ground plane positions in order 
to accurately define the curves* 
From the tests of the delta wing two interesting topics suggest 
themselves* First, the investigation of the influence of the tips on 
the characteristics of the wing* As the metal tips are detachable this 
study could be made quite easily* Secondly, the effect of the leading 
edge vortex on the characteristics of the delta. By the addition of a 
fairing with a sharp leading edge, a leading edge vortex can be generated 
over most of the lift range* 
In the theoretical field, a more extensive treatment of the ground 
effect on a finite wing is desirable* Also, a more general treatment of 
the jet boundary corrections for ground effects is needed* 
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